The purpose in this investigation was to determine the biochemical composition of the normal rabbit medial collateral ligament (MCL) along its length during growth and maturation. Water content and hexosamine concentration as an index of glycosaminoglycan content and collagen concentration were quantified and results compared statistically for anatomically identified MCL segments at various ages. These data demonstrate differences in all parameters at different locations along the ligament and at different ages. Biochemical differences were noted between midsubstance and periinsertional areas. There were subtle differences between the two insertion sites of this ligament at all ages. These results indicate that the rabbit MCL is not homogeneous biochemically along its length and that its matrix composition changes with growth and maturation.
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Ligaments have been defined previously as dense, homogeneous-appearing connective tissues that connect bones or support org a n~. ' .~' ' that ligaments are homogeneous along their length has probably also influenced the search for replacement of ligaments with simple, homogeneous, biologic, and synthetic materials.
There is evidence, however, to suggest that ligaments may not be allogeneic along their length. It has long been known, for example, that the microscopic appearance of many ligaments changes quite dramatically toward their insertions into b~n e . * -' '~'~ Further, it is known that there is more than one type of ligament in~ertion,'~ and this increases the possibility of significant longitudinal heterogeneity. Recent biomechanical evidence also suggests that ligaments likely have different properties at their insertions,22 and possibly even along their entire length,24 and that these properties change with growth and maturation of the ligament ~o m p l e x . '~.~' *~~ Similarly, very complex strain patterns seen in human ligamentous structures during controlled loading conditions4 suggest that there may be more heterogeneity in the structure of ligaments than previously thought.
This study tested the hypothesis that ligament biochemical composition varies internally and changes with ligament growth and maturation. Three major biochemical elements known to have functional significance in connective tissue were quantified.'
MATERIALS AND METHODS
The normal medial collateral ligament (MCL) in the New Zealand white rabbit was the model used for study. Forty-five normal female rabbits of specific ages were obtained. A minimum of six animals ( I2 ligaments) at each of three, five, seven, nine, 12, 18, and 24 months of age was used to investigate various stages of ligament maturity, from young (three to five months), adolescent (seven to nine months), young adult (12-18 months), and adult (24 months) groups. Intervals were chosen based on evidence that this animal achieves skeletal maturity between seven and nine months of age'' and has a life span of five to ten years.
Animals were killed by a lethal intravenous overdose of barbiturate. After death the MCL of both hind limbs were exposed through medial skin and fascia1 incisions. Ligaments were identified clearly by their dense white appearance before being isolated by sharp dissection. The length of each ligament was measured with calipers by a single investigator and cut transversely into 5-mm (k0.5 mm) segments along its length. These segments were specified according to the joint margins so that comparisons would be based on similar locations relative to the femur and tibia (Fig. l) . The first segment removed from every ligament was centered at the joint line and was designated as midsubstance ( Fig. 1 B) . The segment proximal to that always included the entire femoral insertion of the MCL (Fig. 1A) . Distal to the midsubstance segment there were two additional segments of MCL. These were designated as proximal tibial (Fig. 1C ) and distal tibial (Fig. ID) ; the latter is the major site of tibial insertion. As with the femoral insertion, the tibial insertion area was dissected cleanly from the bone and did not include bone itself.
To minimize water loss after exposure, individual segments were placed quickly in test tubes and each tube frozen immediately in a mixture of acetone and dry ice. Tubes were maintained in this frozen state for several hours until they were thawed in succession and each ligament segment weighed to obtain a wet weight. Weighing was performed by one observer using the same technique, consisting of light surface blotting before weighing. Each segment was then returned to its tube and lyophilized overnight. Duplicate dry weights were then obtained for each segment and the mean dry weight calculated. Percentage of easily extractable free water for each sample was calc~1ated.l~
Freeze-dried ligament segments were hydrolyzed in 2 ml of 6N HCI for 16 hours at 100". Aliquots of this hydrolysate were processed for quantification of hydroxyproline (HP) as an index of collagen content' and hexosamine as an index of glycosaminoglycan (GAG) content, by modifications of the methods of Blumenkrantz and AsboeHansen.'*6 Collagen and GAG concentrations were expressed on a dry weight basis for each sample.
Ligament segments were grouped and analyzed according to their location along the ligament (femoral, midsubstance, proximal tibial, and distal tibial) and animal age (three, five, seven, nine, 12, 18, and 24 months). For all three parameters (percent water, percent collagen, and percent hexosamine), logarithmic transformation was used as a variance stabilizing measure.'' Data sets obtained for all parameters were symmetric and nearly normally distributed (skewness, gl = 0.22; kurtosis, gz = 0.066), justifying the use of parametric statistical procedures.
Data were grouped by ligament location and age and analyzed by two-way analysis of variance (ANOVA) using the BMDP statistical package' program P7D. Paired comparisons were made a posteriori using the Bonferonni approximation for multiple comparison^.'^ Discriminant analysis of the data was performed (BMDP program P7M) to determine the parameter(s) that best discriminated between different ligament locations as a function of age. F-to-enter was set to 4.000 and F-to-remove at 3.996. Following application of the discriminant functions, data were classified retrospectively according to the jackknifed classification scheme to determine the effectiveness of discriminant analysis. The level of statistical significance was set at p < 0.05 for all tests.
RESULTS
All MCL were grossly similar dense white structures that tapered slightly at both ends (Fig. 1) . The tibial insertion decreased in thickness (depth) as ligament fibers merged into bone. The ligament thickened slightly proximally and appeared thickest from midsubstance to its femoral insertion.
By the techniques described, ligaments demonstrated biochemical variability with age and with position along the length of the MCL (Table 1) . Two-way ANOVA revealed significant main effects of age and position for all parameters (p < 0.004 for all parameters) with no significant interaction between age and position for all ages ( p > 0.2 15 for all parameters). This analysis suggested that all parameters vaned significantly with age and ligament position and that age and position varied independently. Water content was generally highest at the femoral insertion and decreased by up to 10% toward the tibial insertion at all ages (Fig. 2) . Midsubstance and proximal tibial segments had similar intermediate water contents. The distal tibial insertion had the lowest water content and was significantly different from the femoral insertion at all ages (p < 0.05). There was a slight decrease in the water content of all segments near skeletal maturity (seven to nine months) as compared with the other ages studied.
There was insufficient hydrolysate in 29% of samples (usually the younger, smaller ligaments) to provide hexosamine concentrations within the linear range of the assay used.6 Results and statistical comparisons are therefore presented only for the remaining 7 1% of the samples (Fig. 3) . These results demonstrated higher mean hexosamine concentrations at both insertions and lower concentrations in the middle of the ligament at all ages. There was a general decline in hexosamine concentrations with advancing age.
Collagen concentration also varied significantly along the length of these MCL and changed with advancing age (Fig. 4 ; p < 0.004). The lowest mean collagen concentration was found consistently at the femoral insertion, with the highest concentration almost always (except at 24 months) in the proximal tibial area. With that single exception, both insertional areas had lower mean collagen concentrations than the middle segments of the MCL. A trend for increasing collagen concentration was also seen with ligament growth and maturation. The highest overall collagen concentrations were observed in the 24-month-old ligament samples.
In summary, all parameters varied significantly as a function of age and location along the ligament. The changes occurred in a graded fashion. Therefore, the results of paired statistical comparisons between regions of interest within age groups and between age groups within regions were not clear and were therefore not examined in detail. The femoral and tibial insertion sites probably represent the extremes of the continuum.
The variation in ligament biochemical composition was further elucidated by the results of discriminant analysis. At each age a (Table I) , as well as a significant increase in concentration of all segments after skeletal maturity. different variable became the best discriminator as a function of region. The easiest regions to discriminate were the femoral and tibial regions. In the femoral region it was possible to classify 80%-90% of the samples correctly (also true for the tibial region). Simply stated, this statistical analysis implies that the femoral and tibial regions are the most different regions relative to the rest of the ligament. This can be appreciated by inspection of Figures 2 , 3 , and 4. 
DISCUSSION
The range of values obtained for all parameters in this study is similar to the means published previously by others for pooled MCL samples,**' indicating that examining smaller segments of each ligament has not compromised the sensitivity of the biochemical methods utilized. More specifically, the analysis of 5-mm lengths of MCL has not compromised the ability of the assays to detect significant differences with age and with position in this model. Unfortunately, due to small sample sizes in younger animals in particular, there was occasionally insufficient material for analysis. The range of changes was small for all parameters measured, but with few exceptions were within the limits of sensitivity of each assay.
The results demonstrated statistically significant differences in the concentrations of the three matrix components studied along the length of the rabbit MCL, as well as biochemical changes with growth and maturation. Although some of these differences may have been expected based on previous histochemical observations of ligaments, other differences are unique. The amount of extractable water,I4 for example, was generally highest at the femoral insertion and might be partly explained on the basis of high concentrations of GAG in that area. These findings would not be surprising based on histologic descriptions of fibrocartilaginous cells within areas of ligament insertion into bone.' Moving distally along the MCL, both the water content and GAG content fell slightly from that at the femoral end. However, at the tibial insertion there was a major divergence in this trend. In the tibial insertional area there was again a higher concentration of GAG, but, in contradistinction to the femoral end, the water content was very low. This could be explained by some qualitative difference in the GAG at the tibial insertion, such as the presence of less hydrophilic substances. Another explanation could be some type of competitive interference for water binding along the length of the MCL.
Collagen differences along the length of the MCL are equally interesting. When normalized per unit of tissue mass, the collagen concentration at the femoral insertion of the MCL was consistently lower than anywhere else in the ligament. The two middle segments had higher collagen concentrations and the tibial insertion had an intermediate
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value. It would appear, therefore, that collagen itself is either biochemically different or that it is packed differently (thus having a lower concentration per unit of tissue mass) at the two insertions than in midsubstance. Some other type of tissue, possibly GAG-rich fibrocartilage as suggested above, may be replacing, displacing, or inhibiting" the normally dense collagenous ligament matrix at the femoral insertion, thus diluting the collagen concentration in that area. As with the difference in water concentration noted above, the difference in collagen concentrations between insertions also suggests that the tibial insertion of this MCL is different than the femoral insertion in more than just its size and shape.
Collagen concentrations also varied with age, showing an increase in all areas of the ligament after skeletal maturity. This may be related to increasing functional demands, such as increasing body mass, or an increase in tensile loading after the cessation of longitudinal ligament growth. Of course, it may also indicate degradation of noncollagenous matrix components, causing only an apparent increase in collagen. It is particularly interesting to note that this collagen content increase correlated very well with mechanical improvement of the MCL complex after nine months of age (the approximate time ofskeletal maturity), particularly at the tibial insert i~n . *~ Collectively, these data demonstrated that the rabbit MCL is not biochemically homogeneous along its length and that it is dynamic biochemically during growth and maturation. These previously undescribed biochemical differences may help to explain some of the heterogeneity in structural (loadelongation) and material (stress-strain) behavior of ligaments reported by othMore specifically, this study provides evidence that ligaments are biochemically complex heterogeneous structures, with unique composition at their insertions. A ers.4.7. 16.22-24 more detailed correlative analysis of the structure and function of each area of these ligaments is clearly required before the true functional significance of these differences will be appreciated. I'
